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4 # itests 


This investigation was underta\en to rectify a @eteorological 
deficiency mentioned in a Penrsylvania State College report (Fj . 
This stated deficiency is the lack of information over North Awerica 
on the diurnal height change in the 500 mb level between standard 
radiosonde observation times. 

This investigation was carried out at the U. S. Naval Post- 
graduate School, Nonterey, California during the period September 
1952 - January 1953, in partial fulfillment of the requirement for 
the degree of Master of Science in Aerology. 

The authors wish to acknowledge the assistance and guidance 
of Associate Professor F.L. Martin and Professor A. B. Newborn. 
They also wish to acknowledge the many hours of labor contributed 
by their wives in transcribing the original data for this investi- 


gation. 


(ii) 





CUERCIPFICATL GF APPWUVAL 


PULP ARS 


PATLE Ur CONTENiS 


LIST OF 


ILLUSTRATIGRS 


TANLE OF SYWOLS AND AMIRIEVIATICNS 


CHAP TEN 
I. INTROOUCTICN 
at e DATA 
III. COMPUTATICNAL TECHNIQUE 
1. Basic equations 
2. “issing data 
IV. STATISTICAL EVALUATION UF RESULTS 
1. Variability of individual diurnal height changes 
2. confidence linits 
3. Smoothing 
Ve THEORIES OF THES DIURNAL PRESSURE VARIATION 
VI. FACTORS INFLUENCING Tit DIURLAL PRESSURE WAVIE 
VII. RESULIS AND DISCUSSION 
l. Presentation cf results 
2. Comparison with investigations at other levels 
3. Correlation with physical parameters 
4, Comparison with harmonic analysis obtained 
by other investigations 
5. Synoptic considerations 
VIII. cCCNCLUSIONS AND RECOMMENDATIONS 
BIBLICGAAPTIY 


(iii) 


pik 


Lii 


lv 





@ble l. 
Fabbé 2. 
Table 3. 


Figure 1. 
Figure 2, 
Figure 3. 
Figure 4, 
Figure 5. 
Figure 6. 
Figure 7. 
Figures S-19. 
Figure 20. 


Figures 21-24. 


LIS. UF DLA TU 


rable of @onmthly mean 500 &#b diurnal 
height chaieges 36-44 


fable of statistical analyses of results 
for selected stations 45 


fhe characteristics of the 24 hour surface 
pressure wave at i.ew Yor. City oe 


A comparison of the annual variations of the 
surface and 500 wb diurnal height changes 
for Atlanta 46 


A comparison of the annual variations of the 
surface and 5C0O mb diurnal height changes 
for Phoenix 47 


A comparison of the annual variatiors of the 
surface and 500 mb diurnal height changes 
for Oxlahoma City 48 


A comparison of the annual variations of tne 
surface and 500 mb diurnal height changes 
for Washington, D. C. 49 


A comparison of the annual variations of the 
surface and 500 wb diurnal height changes 
for Chicago 50 


A comparison of the annual variations of the 
surface and 500 mb diurnal height changes 
for Rapid Vity nk 


A comparison of the annual variations of the 
surface and 500 mb diurnal height changes 
for Tatoosh Island a2 


The twelve 500 mb monthly mean diurnal height 
change charts for the period October, 1948 to 
September, 1949, inclusive 55-64 


The 500 mb annual mean diurnal height changes 
based on the period October, 1946, to 
September, 1949, inclusive 65 


The four rormal surface diurral height change 


charts for the months of October, January, 
April, and July 66-69 


(iv) 





nh 


He 


TAMA UF eels AND A PLATT Ue. 


arweric coefficient of the 24 hour perfol pressure wave 


Somputed wonthly average diurnal for a worth in which 
interpolation was used to replace missing observations 


Stioothed value of the @onthly average diurnal height change 
for the ¢*® month at a given station 


Computed monthly average diurnal for a Month in which all 
observations are available 


Observed height of the 500 mb surface at 1500 GcI on the ,'¥4 
day of the month 


Interpolated height of the 500 ®b surface for 1500 GcI on 
the ¢*@ day of the month 


Observed height of the 500 mb surface at 0300 GCT on the ¢#h 
day of the rwonth 


Interpolated height of the 500 mb surface for 1500 GCT on 
the «™ day of the month 


Number of breaks in a month's record of observations due 
to missing observations 


Population mean or true monthly average diurnal height change 
Number of days in a given month 


Number of individual twelve-hour diurnal height changes 
needed to establish a 95% confidence limit for the rean 


Nuwsber of years of records needed to establish a 95; 
confidence level for a monthly average diurnal height 
change for a given month 


Probability 


Standard deviation of the individual twelve-hour diurnal 
height changes for a given month 


(v) 





Variable in the students t-distribution 


Value =e % Aa 
abs ae f 





y meer zero valued twelve-hour diurnal height changes 
introduced by interpolating for * consecutive missing 
observations @ ; = 


Y Total number of zero valued twelve-hour diurnal height changes 
introduced by interpola ting for all nuissing observations 
during a month's record 





7” Swmation of all observations from (=§ to (=n. 


= 
a 
. 


(vi) 





I. AMeonvuc¢rie 


The problem undertaken was to determine a representative 
monthly mean difference between the observed height of the 500 mb 
pressure surface at 0300 GCT and 1500 GCI for each radiosonde 
reporting station within the continental United States and for as 
many Stations as possible in Canada, Alaska, and the bordering 
seas and oceans. 

The results are presented in tabular form in Table 1. which 
represents the unsmoothed monthly mean diurnal height changes for 
the entire fourteen months considered and in graphical form in 
Figures 8 through 1° which show isograms of mean diurnal height 
change drawn to smoothed values of the monthly mean diurrals for 
each of the twelve months of the year. 

A direct method of corputing the monthly mean diurnal height 
changes from observations recorded for individual stations, as 
suggested by S. Teweles (11) in his report on the diurnal height 
changes of the 700 mb surface, was used throughout. Teweles, in 
his work with the 700 mb surface, abandoned the attempt to use 
individual station observations in favor of using values for the 
height of the pressure surface which were interpolated for certain 
grid points on analyzed contour charts of the 700 rb surface. The 
formula used in this article to compute the monthly mean diurnal 
height changes at 500 rb is the same as that used by Teweles for 
computing the same quantity at 700 mb except for necessary changes 


mede to allow for the effect of missing observations. 
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Statistical investigations of the distrifhution, ramée, varlanc 
and standard deviatiow of the individual daily twelve-lhour height 
changes at several stations for various wotils were #aur. he re- 
sults of these investigations allow certain coticlusiots as to the 
reliability of the results. 

The postulated theory of the diurtal pressure wave and its 
harmonic coefficients is reviewed. the twenty-four hour period 
pressure wave being due to the twenty-four hour period te!pcrature 
wave calls for a brief reswre of the various parameters which should 
influence the diurnal tewperature variations throughout the atwosphere. 
Some eviderces of the control exerted by local factors, such as type 
of surface and orography, on diurnal pressure changes are presented. 

cursory comparisons were made of the 500 mb diurnal height change 
charts with diurnal pressure or height change charts obtained for 
other levels over the United States, such as the U. S. Weather Nureau 
(i6] surface data, S. Teweles (3) 700 mb data, and 0. Wulf, }. \Vodge 
and S. Obloy [19) 10 lw data. 

The work of %. Riehl [SJ and ©. Maurwitz [4] at San Juan on the 
harmonic coefficients of the diurnal pressure wave was investigated 
to find if the harmonic coefficients determined there were compatible 
with the findings of this investigation. 

Conclusions as to the reliability of the isogram patterns of mean 


500 mb diurnal height change are drawn, and estimates of the error 


introduced by neglecting these 500 mb diurnal height changes are Wade. 
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Tae, VALA 


The stomthly mean diurnal height changes that are presented in 
Table 1. were computed from observations taken over a perio of 
fourteen fonths frot September 1949 to October 1549, iiclusive. 

The original goal was to obtain a monthly mean for each of the 
twelve months based on two consecutive years of observations at 
each station. However, due to the lirited amount of data that was 
obtainable, in a form which could be handled in asywhere near the 
time available, the shorter period was utilized. 

The source of the observational data used in this work was the 
Daily Upper Air Lulletin [14] . che data contained in these bulletins 
are wiedited reports taken directly from teletype schedules received 
in Washington, D.C. In the Daily Upper Air Bulletin, as published 
by the U. S. Weather Bureau, the heights of all the mandatory levels 
are tabulated each day for both standard observation times for each 
station listed in blocks corresponding to the intertational index 
numbers. Waving the raw data tabulated in this manner facilitated 
the laborious tas’: of transcribing on to work sheets the approxi- 
mately 67,000 observations that were used. The form in which the 
Daily Upper Air Pulletin is currently being published is the repro- 
duction of the actual teletype trarsrtissions. Although a longer 
record of observations is available in this form, which has been in 
use Since April 1950, the enorrious asount of tire which would have 
been required to extract the particular information desired for each 


Station from the total mass of data, prohibited its use. 
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III. \OMPPUTAPTOPAL FRERNIOUN 


l. Dasic equations). 

The twelve-hour diurnal height change of the 500 wb pressure 
surface from 0300 GUI to 1500 Gc", hereafter called the diurnal 
height change, for any given day at a given Station, was computed 
in a manner entirely analogous to that used by Teweles [13] for 


determining the same quantity at 700 rb. Thus, 


Rint hin Hiss =o ie (1) 


where, 
Oi is defined as the diurnal height change for the 
day of the month, 
hi is the observed height of the 500 mb pressure surface 
at 1500 GOT on the «* day of the ronth, and 
Hi is the observed height of the 500 mb pressure surface 
at 0300 GOT on the ¢* day of the month. 
This method of computing the diurnal height change was selected as 
being the best estimate of the quantity desired. The averaging 
process must be depended upon to eliminate the effect of any non- 
representative twelve-hour height changes that may be introduced by 
sudden changes in the trend. If the trend is linear for the period 
from Hi to Hie, the diurnal height change as computed is independent 
of trend. 


The average diurnal height change for a month of NM days would be 


n 
aaa a D; (2) 
Cs/ 





where, 
nr 
)_ Dd: is the total diurnal height change for the month, amd 
Da is the average diurnal height change for the month. 


Using the value of Di fro® (1), equation (2) becomes 


r = ( dint + he-Hew) 


Da * ey) a 
La! 
“ae hi- dy 2 (Hi * Hin) ; (2) 


whence 


+ Hi-Hnry,, 
an (33 


y hi -) Hi 
p, - fain 


Equation (3) was used to compute the monthly mean diurnal for months 
in which there were no missing observations. A modification of (3) 
was necessary, however, in order to compensate for the effect of 
missing observations. 

2. issing Data. 

One important difference between the technique used by [feweles 
in his work with diurnal height chanses at 700 mb and the technique 
applied here concerns the problem of missing data. Dy making use 
of analyzed charts and taking interpolated values of the heights at 
selected points Teweles avoided this problem. Using the actual obser- 
vations from tne Daily Upper Air Bulletin, however, the problem arose 
immediately. In 85% of the cases one or more observations were 
missing from the set of observations from a given station for a given 


month. Several methods for handling this problem were considered and 


(6) 








it was decided that linear interpolation between the two obser- 
vations adjacent to the gap in the data would be used to obtain 
values for the missing observations. This procedure permitted 
uniform programming of the operations which followed and allowed 

the computing of an average diurnal for the entire month instcad 

of several averages for parts of a month which would later have to 
be combined into an overall average. Interpolation also allowed the 
use of all the data, whereas breaking the data into segments composed 
of complete sets of all observations needed for computing a single 
twelve-hour diurnal height change would require that some reports 

be discarded. For example, if a single 0300 SCT report were missing 
and interpolation were not used, breaking the data into two complete 
sets as described above would discard the 1500 GCT report on either 
side of the missing observation. Using the interpolation method in 
the same case would make use of both of these reports. 

The linear method of interpolation was selected because it 
reduced to zero the value of any diurnal height change or part thereof 
based on interpolated reports. This was compensated by reducing N 
in equation (3) by the number of zero valued diurnal height changes 
created by the use of interpolated values during the month. 

By far the greatest number of gaps in the data were cases in 
which a single report was missing. These instances of one missing 
report occurred at random intervals and with no apparent relationship 
to the height of the 500 mb surface. Gaps of two misSing observations 


were also quite frequent. For the stations within the United States 


(7) 





there were few gaps of as mary as three obServations ard in only 
four instances did a break of four consecutive reports occur. The 
data for non-United States stations were much more irregular witl 
gaps of as many as ten consecutive observations occurring. 

fhe fact that using linearly interpolated height values reduces 
the diurnals to zero can be readily demonstrated for the case of a 
Single missing observation. If a 1500 GCT observation were missing, 


hs for example, the interpolated value, hs » would be 


hy = Haskis 


The only twelve—hour diurnal height change involving h3 is Ds, 
Don Bhs-l3-Hy 
2 


and 


; (Fasts) 
Dpse thot = : Pa =O) ge 


/ 
where Dz is the value of the diurnal computed using the interpolated 
report. If the missing observation were an 0300 GCI report two diurnal 
height changes, Dz and PD; would be effected, but the net result would 


be the introduction of only one zero valued diurnal with 


—— 
Hi = Myla 
and 
D. +Ds;3= hacHaths-idy thi- Het h3s- Hy 
2 
then 


Dy + Ds = te Hatha Fly ; 


(8) 





: ervatior Oo , 
change. 
or che « ‘aA5Se O CWO CONSeCUT: > LSS C CETrTvations OT; 
one-third zero valued diurnal height cnanges are introduced. or 
example, if Hig and hg were the missing observations the two 


diurnals affected would be Dz and D3 . 


For : 
3 =hit V3 (1 og ~h2) 9 
hy = ha + 43 (Ha-he) 
and 
O. = hi — Hz + hi- Hs 9 
2 
D; = hs ~H3+h3- He e 
2 
Then 
om = ha2-Hait ho- Lhat (He he)]) 9 
= 
and 


Dy = ha + 9/3 (H4 ~hr)-ChitYa(ity-h)] + Lhe 95 (He- ha] ~ Ha = O 
2. 


Assuming a linear trend existed from 0300 GCT on the second, to 


0300 GCT on the fourth, then 


a +4 + 
Hs = +t 
thus 
Ds = ham tH +hAan- ( Hace b h.- MH + V, he 
2 2 
and 


Di = be Hat Blha-Hs) = 43 D2 - 


2 


As a result of introducing the two consecutive interpolated odser- 
vations one of the affected diurral height changes is reduced to zero 
and the other is reduced by one-third, or one and one-third zero 
valued diurnal height changes are introduced. 

The above proofs can be extended to cover any number of missing 
observations. If y is the correction factor, expressing the number 
of zero valued diurnal height changes introduced by xX consecutive 


interpolated observations, it can be shown that 


y= ——— 7 * odd 3 (4) 
y = ee » xeven . (5) 


Inasmuch as each interpolation or set of interpolations across a 
gap in the data can be considered independently of all other interpo- 
lations performed during the month, the total correction factor for 
the month will be the sum of the individual correction factors. If 
there are k gaps in the data for a given month then 

Yeo Yj (6) 
j=! 

where 

Y is the total correction factor for the month, 

yj is the correction factor for the jy gap in the data. 
The modified formula for computing an average diurnal height change for 
a month in which linear interpolation has been used to obtain values for 
missing observations is 


La! 


La 
Da = fe tin D Hit A (Hi-Ha el , = 
n~¥ 


(10) 





where Da is the averate diurnal for the mons!) Yese!) on (n-Y) 
io@ividual diurmals. If Y is large Da will got 4 emerald bt 
rood estimate of Dg , the average diurral height chebpe tliat woul’ 
nave beer obtained Nad all observations bees available. [lc 
quantity (n-Y) is them an invicatiow of tite reliability of Da as 
an estinate cf Da . 

Usitg equatior (7) average diurnal height cliayges were coNputel 
for each statior for each of the fourtcer ronths cot!sidered. chese 
average diurnal height charges are shown in fable 1. together with 
the quantity (n-Y) that was used in obtairing the Da that is showr. 
The entries im Table 1. are in the fomrn-yY ,DOa where N-Y is the 
upper left hand fisure and Da is the lower right hand figure in each 
entry. The values of these quantities for Atlagta, Ccorgia (219) 
for May 1949 are, for example, n-Y=26 and Da=46 

Although the original data were recorded in terrs of feet, the 
value of Da is recorded to the nearest foot. this is justified because 
Da is the average of ten or more observations and therefore cortains 


one sore Significant decimal place than the individual olservatiors. 


Ca) 








IV. SFAris€CICal EVALVATIVAR GF WESULTS 


lL. Variability of individual diurnal height changes. 

Before making any statistical evaluation of the results it was 
necessary to compute the individual diurnals Di that are averaged in 
finding the monthly mean diurnal height chamses. [his was dore for 
twenty-two months of observations from various stations. Only statiors 
for whicn there were no missing reports during the month being consid- 
ered were used except in the case of station 219 which had one missing 
observation from four of the six months used. Ilistograms were plotted 
to determine the frequency distribution of the twelve-hour diurnal 
height changes. The mean, variance, standard deviation, and range 
were also computed for each month. The values of these quantities 
are listed in Table 2. Inspection of the twelve-hour diurnal height 
changes together with their means and variances, shows that much 
greater twelve-hour diurnal height changes occur during the winter 
months than during the swamer months although the magnitude of the 
monthly average diurnal height changes vary only slightly. ‘These 
large height changes which occur during winter are due, in a large 
part, to the much greater frequency of passages of sharp troughs and 
Strong ridges over the stations during winter than during swwmer. 

2. Confidence limits. 

Histograms of the twelve~hour diurnals show that the daily 
diurnal height changes may be asswaed to have a normal distributior. 
Treating the nm diurrals of a given month as a sample of size n 


from an infinite normal population, composed of all the twelve—hour 
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diurnal leight changes that could be computed for that momth for 
all years. sSigwaficance tests based on the students t-Vistri- 


bution, !foel [5] were made. Using the equation 


Da-te FH <M <Da tte FS 


where 
D, is the computed monthly mean diurnal height change, 
is the value of t for n-i degrees of freedom such 
that the probability is p that the absolute value of t 
is greater than tp , 
is the standard deviation of the individual twelve-hour 
m) diurnal height changes for the month being considered, 
m is the population mean or true monthly mean diurnal 
height change, and 
n is the number of days in the month being considered. 
A 95% confidence interval for m was established by setting p equal 
to 0.05. The values listed in Table 2. under "95% confidence limit" 
establish the $55 confidence intervals based on the data for the 
indicated months from the stations listed. The probability is 0.05 
that the true monthly average diurnal height change is outside the 
interval established. 
To establish the probability that the monthly mean diurnal 
computed for any month was within £5 feet of the true mean, the 
following equation taken from 6 was used. 


if Be 
ip ee, =O 


then 
n-| 


(7) 


= > 
Oe 
= 





After finding tp the value of p was obtained from a table of t 
values, oel £5]. «the values listed under "confidence level 


for +5 feet" are 


confidence level= 1iooi- p) e (c) 


These values express a confidence level for the statement 
eSete. <r etisire. (10) 


To attain an estimate of how many years of observations would be 
required to establish a confidence level of 95; for (10) the 


following equation was used: 


S Z 
0:05" ty = 5ft, 


= boos S =Vaari 


For an infinite number of degrees of freedom 


to.os = jobene 


and it follows that 


: | 
SSE ba = Ss oN , (11) . 


where 


Neg is the number of individual twelve-hour diurnal height 
changes needed to establish a 95% confidence level for 


(10) with the existing standard deviatior, 


(14) 





S is the starmiard deviation of the twelve—bour diurnal 
height changes for the wonth being considercd, 
N is the number of years of data needed for the give 
Station ard #onth to establish 95% confidence level 
Lor io}. 
The results obtained using (11) are listed in Table 2. underN . 

Aesults of the t-test indicate that the monthly average diurnal 
height changes obtained in this investigation are of the proper order 
of magnitude. The tests show that if monthly averages were obtained 
for each of 100 years for a given month at an average station, 95 of 
these monthly averages could be expected to fall in the interval 
D, £25 feet where Da is the monthly average diurnal computed for 
the given month and station in this investigation. 

- Smoothing. 

Pecause of the variability of the individual diurnals and the 
apparently random month to month irregularities in the average diurnal 
height changes a smoothing operation was employed before the monthly 
average diurnals were plotted and isolines drawn. A three month 
weighted running mean was used. Inasmuch as the number of diurrals 
included inDa for different months was not constant a weighting 
factor was employed to adjust for the difference in precision of Da 
as an estinate of the true mean diurnal height change, for different 
Sample sizes. The relative precision of two sample means for esti- 
mating the population mean is the ratio of the square roots of the 


number in each sample. For this reason the quantity Vn-Y was 
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used aS a weighting factor for each monthly average. he values 
plotted on the charts in Figures §&-19 were obtained by use o 1c 


forrula 


Da; c VinerYiert 2Vnie¥e + Ving, = Yi 


where 
(pa. 1s the smoothed value of the menthly average diurnal 
height change for the t** month at a given station, 
ni-Y is the number of diurnals used in computing Da; and 

Do.; is the monthly average diurnal height change for the i*h 

month at the given station. 
The quantity (Waha-Yau+2Vn-yi t+VAwn-Vin ) was plotted 
alongside each station, Figures S-19 together with Daas a measure 
of the reliability of Be, 

The above method of smoothing preserved the positions of the 
major maxirim and minimuwi average diurnals but made the plot of 
monthly mean diurnals look more reasonable. Examples of the effect 
of the smoothing process on the plot of the monthly values is shown 


by Figures 1-7. 


(16) 





V. TM@ORTES OF TRE OTURNAL PRESSURE VARIATIC; 


The basic causes of the atrospheric diurnal pressure variatior 
are absorption of solar radiation, infra-red radiation and absorption, 
and solar tidal effects. This diurnal pressure variation, which at 
the surface normally has two maxima and two minima each twenty-four 
hours, can be broken down by harrionic analysis into a fundamental 
twenty-four liour period which is called the diurnal pressure wave 
(contrasted to the diurnal pressure variation) and harmonics of this 
period. Normally the second harmonic (twelve-hour period), which is 
called the semi-diurnal wave, is of amplitude comparable to the funda- 
mental. An appreciable third harmonic (eight-hour period) and a minor 
fourth harmonic (six-hour period) have been found in the analyses of 
certain station mean pressure records as reported by Albright[1, pp 64-70]. 

The semi-diurnal (twelve-hour period) pressure wave has been sub- 
jected to a great deal more investigation than has the diurnal (twenty- 
four hour period) pressure wave because it is believed to be the basic 
cause of the daily terrestrial magnetic variations. This semi-diurnal 
pressure wave is attributed to solar tidal action and the magnifying 
effect of a natural periodicity of the atmosphere of twelve hours. 
This wave has been found to decrease with altitude at the same rate 
as the pressure decreases with altitude by Mann [3, p 207] , and at 
a less rapid rate by Nichl [9] and Haurwitz [4] . 

The diurnal pressure wave (twenty-four hour period) is attributed 
by Humphreys (6, pp 243-244] to the diurnal heating and cooling of the 


total atmosphere. On the side of the earth subject to insolation the 
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atmosphere will be expanded and on tlie opposite side, cortracted. 

At higher altitudes on the heated side the isobaric surfaces will be 
raised and the pressure at a fixed upper clevation will rise. At 
night the reverse is true, the isobaric surfaces lowering due to the 
air colwan contraction, ard the pressure at a fixed upper elevation 
falling. These variations should be greatest near the times the air 
colwnmn is the warmest and coldest. Accompanying both of these 
variations, vertical motions are causing moderating adiabatic temp- 
erature changes at the upper levels. 

At the surface the pressure changes can be expected to be 
reversed; i.e., a fall during the day and a rise at night. This is 
due to the pressure gradient aloft that is established between the 
warm side and the cold side of the earth and the resultant mass 
transport from the warm side to the cold side. The rise in pressure 
at the surface on the cold side and the fall in pressure at the sur- 
face on the warm side in turn result in a moderating mass transport 
from the cold side to the warm side at low levels. Thus a vertical 
Circulation is set up, much as in the case of the sea-land breeze cell. 
By this theory there will be a level where the horizontal pressure 
gradient duc to the diurnal pressure wave iS zero. 

No theory for the origin of the eight-hour and six-hour diurnal 
pressure waves has been noted but they are probably the result of 


Similar periodicities in the temperature cycle of the atmosphere. 
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VI. FACTORS PLURAL m DIUNTAL PINDSSIY. WAN 


Assusing that the diurnal pressure wave is brought about by the 
diurnal temperature wave throughout the entire atmospheric coluwin, 
there are several parameters which must exert an influence on the 
diurnal pressure wave at the surface or at any particular elevation. 

Latitude and season are the most obvious factors since they 
detemzine the amount of insolation on the top of the atmosphere. 

The distributions of temperature, water vapor, ozone, pressure, 
and carbon dioxide with height are fundamental to the problem since 
they determine the amount of solar absorption and long wave absorption 
and radiation at any particular height with given amounts of incident 
radiation. 

In addition to the controls exerted by the above parameters on the 
atmospheric temperature and pressure differences there are those arising 
from the type of earth surface and orographic features. LUvidences of these 
controls in establishing local diurnal pressure differences and broadscale 
diurnal pressure differences are apparent in the investigations discussed 
below. While these examples refer to local influences on the diurnal 
pressure variation and the resulting circulation patterns, it is logical 
to assume that these factors also affect the diurnal pressure wave, since 
the diurnal temperature wave should be affected in each case. 

(a) lLand~sea breeze 

Van DPermelen (17] , in a study on Datavia, Java found that the low 
level sea breeze exists during the time the pressure over the sea exceeds 


that over the land (1100 to 1930 local tire). This sea breeze existed up 
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to €75 mb and aif opposite lamd hreete existed Irok therc up to about 
650 mb. (Che land breeze was about otte-half the mitersity of the sea 
breeze but was extended through about twice the depth. On the basis 
of tnis it would appear likely that local or small scale influences 
on the diurnal horizental pressure gradients would become zero at 
about 675 mb and would be in reverse pnase from there up to 650 wb. 
Above that height local influerces should have no effect and the 
observed diurnal pressure wave would be due to large scale action. 
This postulates no orographic barriers to prevent the vertical 
circulation cell from being established. 

(b) Continent - ecean and mountain - plains winds 

XR. Wexler {1s} quotes examples of broadscale diurnal continert- 
ocean winds and mowitain~plains winds due to the same phenorena as 
the land-sea breeze. A continent-ocean wind has been found to exist 
up to 1300 meters over Lurope with zero horizontal pressure gradient 
at 1300 meters, reverse winds from 1300 to 4500 neters, and no ob- 
servable cffect above approximately 4500 meters. <A continent-ocean 
wand exists in the United States with zero Norigzontal pressure 
gradient at 3100 weters, tne height to which the reverse pressure 
pradient exists being wimow. <A United States mow:tain-plaivs wind 
exists with zero pressure gradient at 2500 meters m.s.l. and wach the 
top of the reverse circulation being unknown. chese phenomena would 
indicate that the relatively broadscale diurnal pressure wave influ- 


ences could be effective up to or above 500 mb. 
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(c) Local *£flerence? 2 diurnal pressure variatdo 

Aa Avy Acar Porec report [hs , ie 2-4] fives tlie *ormal surrace 
midswereer diurmal pressure variation for exposed coastal stations, 
coastal valley statiofis, amd interior valley stations aloe tie 
U. 5. Pacific Coast. It also gives the diurwal differewces hetwees 
these three curves. ‘rhe difference curve betwee the interior valley 
and coastal stations has an amplitude of alriost 2 mb and has a maximum 
value at 0800 local time and a minimum at 1800 local time. This 
difference curve 3s for aveas » dy adout 1CC miles apart and is pre- 
sumably due to the differences in the diurnal temperature range of 
the lower atmosphere at the two locations and the presence of the 
coastal mountain ranges. Over the dry cloudless interior valleys the 
ground receives a large amount of solar radiation and the surface 
temperatures reach high values during the day. This heat is carried 
into the lower few thousand feet of the atmosphere by turbulent 
transport. At night the surface radiation 1s very large, since the 
lower atmosphere is relatively cry, amd the surface temperature drops, 
together with the temperature in the very low layer of the atmosphere. 
At the coastal stations, however, the low level diurnal temperature 
range is small due to the stabilizing influence of relatively constant 
water temperature, the layer of woist air and frequent cloud cover. 
The coastal wountain ravges reduce the intensity of the vertical cir- 
culatior cells which would normally be established by these surface 
pressure differences and as a result the moderating effects of mass 
transport on the local surface pressure differences are considerably 


less than might be expected. 
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lous amounts, tflcmsities, thicikmesses and heights arc ispores 
comsiderations an the provle®. f. London [7] calewlateh the radiational 
teliperature change iN tie aGllospheré if March from the equator to @C° 
Porth using average cotditions for cact latitude, first assuftimg olear 
Skies, and thén using the average cloud akow!t, thickléss, ccc. for 
each latitude. lis data showed that the cloudy skies served to in- 
crease both the infra-reau cooling and the solar heating of the layer 
at about 3 or 4 lm. over that found for clear skies. these cloudy 
sity conditions should increase the diurnal temperature variations at 
that level and bring about a modifying influence on the diurnal 
pressure wave. 

J. Sper (aq has made an analysis of the surface diurnal 
(twenty-four hour period) pressure wave amplitude at New York City 
for a limited number of days broien down into the categories shown in 


Table 3., where Ay is the coefficient of the fundamental twenty-four 


hour period pressure wave. 


A e 2 
No. of days 4a] (md) Time of maximum 


cloudy 24 AAs 0555 local 
Summer 

clear Ag Peja 0705 local 

cloudy 43 eat 0900 local 
Winter 

clear og 80 0425 local 


me characteristics of the 24 hour surface 
pressure wave at Yew Yor!. city 


my 7 


fable 3. 
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Fhis data shows that the surface diurnal pressiure wave is gre@tétr 


on clear days than or cloudy ard that the time of the naximm is 
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1. Presentation of results, 

Incorporated in tlhe values of the 500 mb diurnal height changes 
as determined herein are two extraneous factors that must be considered. 

The first of these is the radiational effect on the te™perature 
sensing clement during daylignt hours. Using temperature corrections 
supplied by the U. S. Weather Bureau for the instriments used, 
HM. Riehl {9} found that the total diurnal pressure range at 500 nb 
was reduced to 50.5 of the value obtained without the temperature 
correction. Since the maximum pressure at 500 rth at San Juan occurred 
near local noon this radiational error should be progressively less in 
going from east to west across the United States where the standard 
observation tirie (1500 GCT) corresponds to 1000 local tine on the east 
coast and 0700 local time on the west coast. Also, the effect should 
decrease witn increasing latitude northward of San Juan. In any in- 
vestigation of causative factors in the diurnal pressure wave this 
type of error would have to be considered. lUowever, for synoptic 
utilization of the rormal diurnal height or pressure changes at ary 
particular height, it should not be too important, provided instru- 
ments with approximately the same radiational error characteristics 
are employed in the future. 

The second extraneous factor results from the use of the phrase 
diurnal wave to signify the quantity under study here. In its usual 
context it represents the sinusoidal variation of a twenty-four hour 


period, [lowever, when twelve hour differences are taken on a basic 


a 








twenty-four nour period, non-sinusoidal curve, such as the total. 
diurnal pressure variation, not ouly a component of the fuwiWajental 
twenty-four hour period is obtained, but also a component of all odd 
harmonics of this twenty-four hour period. As a result of this, the 
term diurnal height change, when applied to the results of this study, 
incorporates a contribution from the twenty-four hour period pressure 
or height wave and also from any eight hour period, 4.8 hour period, 
etc., pressure or height wave that may exist at the particular station. 
The smoothed values of monthly mean 500 mb diurnal height change 
(1500 GCT - 0300 CCT) as obtained by the methods described previously, 
were plotted on a standard map projection and isograms for each ten 
feet were drawn. By virtue of the weighted riumning mean technique 
used in this study, average monthly maps were obtained for twelve 
months (October 1948 through September 1949), Figures 8-19, from the 
original fourteen months (September 1643 through October 1549) data. 
Partial data was obtained for Berriuda and the two Pacific weather ship 
Stations, io. 101 and No. 102, but due to the distance between these 
points and other data points, no attempt was made to draw isograms for 
them, The isogram analysis over the continental United States is fairly 
well established oy the density of reports but over the Canadian area, 
where reports are widely scattered, the analysis 1S somewhat arbitrary. 
Where the pattern was arbitrary, that one was adopted which riost nearly 
retained the sane general configuration throughout the year. The month- 
to-month variations of the patterns are, of course, not large since, for 
adjacent months, part of the same data is incorporated by the weighted 


running mean technique used. A more critical test for the seasonal 
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variation in patterns is obtained by comparison of maps three wontis 
apart since these weuld have no covmon data. This type of cospariso 
shows that the basic pattern alomtg the coastal areas is sinilar 
throughout the whole year but that the intensities of the positive 
and negative areas may change considerably. Over the central part 
of the continent the variations in patterns and intensities are both 
quite large, the only consistent features being the large positive 
area throughout the year in central Canada, and the area near zero 
over the northern Great Lakes region. 

The annual mean 500 mb diurnal height changes (Cctober 194° 
through September 1949) were also plotted and isograms drawn, Figure 20. 
This map clininates some of the irregular features of the monthly mean 
maps and serves to high light the more or less permanent features of 
tne pattern. The irregular features eliminated represent the seasonal 
variations as detemined by the data and techniques used. 

For seven United States stations both the mwsmoothed and smoothed 
monthly mean 500 mb diurnal height changes (1500 GCT - 0300 CCT) were 
plotted for the year, Figures 1-7. 

2. Comparison with investigations at other levels. 

A cursory comparison of the 500 mb diurnal height change maps 
was made with diurnal pressure or height change charts obtaired for 
other levels over the United States. Any marked similarity cannot be 
expected, however, since the surface data represents the normal values 


obtained from a ten year period (1931 through 1940), the 700 mb data 
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represents tlhe valucs obtained from a two year pBriol (Jatuary 1947 
through Oecember 1942), and the 10 tm data preseits the values ob- 
tained from a five month period (Tebruary 1942 through jwie 1942) 
which were for slightly different sounding times (1600 GCT - 0400 WR). 

The surface data used was based on a comprehensive work by the 
U. S. Weather Dureau f16] in which three, six, and twelve hour normal 
surface pressure changes are given for 100 United States stations, 
based or 1O years data. Although the twelve hour clianges given tliere 
do not correspond to the twelve hour interval wit!) which this inves- 
tigation is concerned (1500 SCr - 0300 GCI), it was possible to obtain 
that tweive hour difference by using two of the three hour change 
values and one of the twelve hour change values thus; 

(1500 - 0300) = (1&00 - 0600) - (1800 ~ 1500)+ (0600 - 0300) 

For comparison purposes the ten year normal surface diurnal 
pressure changes were fourd in the manner described above for the 
months of January, April, July and October, these »onths being taken 
as representative of the four seasons. frhese values were plotted in 
units of 1/10 mb on maps, Figures 21-24. Isograms were then drawn in 
terms of equivalent height change of the pressure surface at the gfround, 
the conversion used being .375 mb equals 10 feet. This is arbitrary and 
is inaccurate in that it does not take into account the differences in 
mean monthly surface pressure that exist between stations. The greatest 
inaccuracies will, of course, cxist for the mountain Stations. Jfowever, 
for the purposes for which the data is used herein, these inaccuracies 


are not important. 
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ponmtily wean surfame Purfal “iesght ciliafige ¢1SCC By - U3C0 Ur) 
mapS is the proviominamce of positive values over Most of the Unita’ 
states. “v comtrast, at tne 5CO mt level, relatively large aréas of 
wegative @iurfial height cha@es are im evidence. This is alwo showh 


by exafinatiog of “igures 1-7 where the simultaneous values o¥ Surface 
and 500 wh diurnal height chawges are exhibited. 

The order of magnitude of the height changes at the two levels 
is the sate. If expressed in equivalent pressure chamge, however, the 
Changes at 500 mb are cofisiderably less than at the surface. fYrhere are 
sore relations that persist between the two levels throughout thie whole 
year. Cver the Florida penitsula swWall positive values occur at the 
surface and large positive values occur at 500 mb. Tast of Maine and 
over southerr ova Scotia values near zero occur at the surface ard 
large poSitive values occur at 500 mb. Over the vorthern part of the 
Great Lakes regior ard on the Cregor and Washington coast, values rear 
zero occurred at the surface and at 500 mb. 

In view of the basically irregular pattern of the wonthly mean 
surface diurnal heig’it change maps, it was decided not to smooth geo- 
graphically the values plotted on the 500 rb diurnal height change 
charts as S. Teweles (21) did at 700 mb. Any such geographic soothing 
would postulate that local small scale influences are wot significant 
in the 500 mb diurnal height change values and such has not been cor- 


firwed by this study. 
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‘igures 1-7 slow that at Atlagta, Phoewax, Mapis City, amd for 
part of the year at Chicago there is a marked similarity between tlie 
variation throughout the vear of the normal nonthly wean surface 
diurnal height changes and the smoothed monthly nean 500 rb divrral 
heignt changes. The magnitude of the height changes at these statiotts 
is generally less at 500 mb than at the surface and for parts of the 
year actually represents a change in sign at the two levels. 

The 700 mb data comparison was based on the study by s. Yeweles (2) 
who has determined a sct of tentative normal montily mean 700 mb diurnal 
height changes (1500 GCT - 0300 CCT) based on two years data. lis rvethod 
of determination of the monthly mean diurnals at grid points is described 
in Chapter III. We then compared the plot of the diurnal variation 
throughout the year at each grid point with that at surrounding grid 
points and made whatever smoothing adjustments were necessary to make 
the curves compatible with cach other, in a given area, and with a uniform 
eyclic change throughout tne year. As a result of the smoothing process 
used, the 700 nb data has a relatively smooth pattern of isograms for th 
monthly means over the United States. The principal difference between 
the 500 mb and the 700 mb monthly mean maps is that smoothness of the 
700 mb data contrasted with the irregular pattern at 500 mb, particularly 
inland from the coast. The points of similarity are that the order of 
magnitude of the changes is the same at the two levels, large positive 
values persist at both levels over laine and Florida, and moderate 


negative values persist at both levels over Vancouver Islard. 
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A 10 lag data comparison was based on worl) by U. Wilf, ?}). Holge, 
and S. Obloy [1°] in which they have considered the diursal changes 
in temperature and pressure for United States statiows. They have 
plotted unsmoothed monthly mean 10 km (260 mb) diurnal pressure 
changes (1600 GCT - 0400 GCT) for February 1942 through June 1942 
for thirty United States stations. This comparison shows the 
principal difference to be the order of magnitude of the diurnals 
at the two levels. In terms of pressure, the values at 10 km are 
three to six times as large as those at 500 mb. The patterns are 
equally irregular inland from the coastline but large positive values 
persist at both levels over ‘‘aine and Florida, and values near zero 
persist at both levels over the northwest corner of the United States. 
3. Correlation with physical parameters. 

Using the synchronous data from the Nonthly Weather Review [15] , 
a check was made as to any Similarity in patterns between the 500 mb 
diurnal height change maps and the monthly mean maps of pressure and 
temperature at standard levels, percent clear sky, and departure of 
mean temperature from normal. There were agreements in patterns in 
areas and for certain seasons but these were not consistent. Con- 
Sidering the average monthly solar radiation reccived at the surface 
at Washington, D. C., Columbia, !‘issouri, and Nashville, fennessee, 
it appears from cursory inspection that there may be a negative 
correlation between the amount of radiation received at the surface 
and the 500 mb diurnal height change. This matter was not verified 


Statistically. 
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4, Comparison with harmonic analysis obtained by otiter investigatioks. 

IH, Riehl [9] and ©. Haurwitz (4] have, on the basis of sowrdiles 
every three hours at Saw Juan for the period of October and sHovewber 
1944, determined the harmonic coefficients of the diurnal and semi- 
diurnal pressure waves from the surface up to 16,000 meters. fhey 
obtained a maximum diurnal (twenty-four hour period) range of about 
122 feet at 6100 meters. The maxinum in this twenty-four hour period 
wave occurred at 1227 local time (1657 GoT). The maxim in the 
twenty-four hour period temperature wave at 6100 meters occurred at 
1218 local time. If this phase relation between the twenty-four hour 
period pressure wave at 500 mb and the sun holds generally, then for 
the standard observation times (1500 GCT ~ 0300 GCT) a maximum positive 
diurnal height change would occur at 500 mb on longitude 37° West, a 
zero value at 127° West, and a maximum negative value at 143° East. 
From the maps of this investigation, which covers only approxinately 
50° longitude, any such uniform longitudinal gradation is not apparent. 

Using Riehlts diurnal variation curve of the pressure over San Juan 
at 6100 meters the actual diurnal height change for the standard obser- 
vation times (1500 GCT ~ 0300 GCT) was found to be about #120 feet. 
This is considerably greater than the largest monthly mean value 
obtained in the United States in the current study, which was + 56 feet 
at Miami in October. 

Ww. Humphreys [6] quotes the value of maxinum range for a third 
harmonic wave (eight hour period) at tke surface of ,30 mm with 


maximum at 30° North and 30° South. This wave has opposite phase in 
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tie two hewaspheres, has opffosite phase 1 winter aw swiyer, 18 zero 
at the Nquator, and is the nortierr Newisphere wittter has its maxiiea 
at 0200, 1000, and 1°00 local time. No studies have been noted on 
the existence of the third harmonic above the surface. If it does 
exist generally, its additive and subtractive effects on the observed 
1500 Gor - 0300 GCT height or pressure change would be @ waxiseue at 
lengitude intervals of 60°. <Any such general 120° longitude wave- 
length pattern, superimposed on a 360° lorgitude wave-length pattern 
due to the twenty-four hour period wave, is not apparent from this 
study. 

5. Synoptic considerations. 

In the analysis of the raw data of this study it was quite apparent 
that the passage of a very sharp, deep trough, or a predominance of 
trough lines over ridge lines, at a particular observation time through- 
out a month would give a positive or negative bias to the wean diurnal 
for that month. The bias was positive if the observation time was 
0300 CCT and was negative if the observation time was 1500 GCT. The 
same type of consideration applied to a sharp ridge line, or a predosi- 
nance of ridge lites over trough lines, at a particular observation time. 
In this case the bias values are of opposite signs for the identical 
observation tires. 

This bias, of course, arises from the technique used in determining 
the mean diurral height change. i’owever, with only two soundirgs per 
day, there is no other practicable method where large wasscs of data 
are to be processed. The only effective way of removing this bias is 
to have enough years of data for the given month so that such ratdoe. 


biasing effects are nullified. 
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these biasiw®@® effects are the primary valsse c¥ tlic marke 
differences that occur at some stations betweew the wiswoothed meat 
diurnals for successive moths. ‘This applies to 2 lesser degree te 
the differences between smocthed values. ihe sap of Hear diurral 
height changes for the whole year, Vigure 20, should have effectively 
removed ary such biasing effect due to the nuaher of observations 
cOM™prisifig it. 

oranting that the individual wWonthly mean diuriial Maps have con- 
Siderable error in certain areas duc to the above colysiderations, it 
is still apparent from the 1) ear map for the year that there are areas 
in North America where there is a maryed gradient in the diurral height 
change values. It is also apparept that local geographic influerces 
such as type of surface, orography, etc., are of primary importance in 
the 500 rb diurnal height change patterns over North Americal. 

With the type of data and the unsmoothed form of the diurmal height 
change patterns obtained in the current study it is ipossible to ascrile 
the pattern to a certain twety-four hour wave cowponment and/or a certail 
eight hour wave compofert at a giveh Station, since both the amplitude 
and phase of both waves are wwmow:. The solution to this provlem. must 
await the availability of data similar to that of Riehl's at Saw Tuas 
for many more stations. 

If the findings of this study can be asswaed as being representative 
of the general pattern and order of magnitude of the normal monthly mean 
500 mb diurnal height change, the question then arises as to the effect 


of this diurnal on normal synoptic upper air analysis routine. 
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Im determining the twelve ljovr lveight temd@emocy at 6 gives pods 
the first twelve hour height temieacy will imclude ey error equal tu, 
and of the salle sigs as the divrual iveiflit chamee for that potmt for 
the sare twelve Pour pericd. for the subsequemt twelve our helght 
tendency at that poivt the error will Le of tite opposite sign Duk of 
the same numerical value. Tus the ret error it two cosecutive 
twelve hour tendencies at a given poist will be twice the wagnitwie 
of the diurnal height change. 

Jt is apparent from the tscam 500 @b diurtal height cliange Wap for 
the year, Figure 20, that the areas where this error will gewerally be 
the Sreatest are (1) if. the Coose Eay, Labrador arca; (2) in the Sable 
Island area; (3) just Worth of Vancouver Island, arid (4) cver the 
Florida peninsula. On the basis of the Mean map for the year the 
average resultant crror in two consecutive twelve hour height tendeficies 
in these areas will be about 10C feet. However, if the values near Sable 
Island and Goose Bay shown in Figure 17 are actually representative of 
normal sutier values, the resultamt crror in these areas will be about 
180 feet. The fact that these crrors will be of opposite signs at these 
two locations will cause, on successive twelve hour height temdency Gaps, 
an apparent north-south osciliation of height tendency centers passing 
through this area. 

An analogous statement tay be made regarding errors in thic'viess 
tendency values deduced fro successive twelve hour thickress tetdency 
maps. ilowever, in this case it is necessary to consider tne differerce 
between the diurnal treight changes at the upper armé lower boundaries 


of the layer. 
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If Gee wagmitwe of this tlickkers seumicy ewrer in bhe Lleyn 
from 1000 g® to 500 me is detemm&ed Troaw the wean GUC mn déurnal 
height chatge wap for tie year, Tiguré 20, aie tlic 1’. 2. Veatiher Pureai 
monthly mear surface Ciurnmal height chatrge warps for the WVrited St@tes 
only, Figures 21-24, it is found to be a Waxitim if July. It is approx- 
imately 1COQ feet im an area extendiog fro® east central California 
througit southern Arizona and New exico and into southwest Texas. The 
boundary level contributing most of this error is the surface sifice it 
has very bigh diurnal height changes in this same area in July. 

Mo conclusions can be drawn from this study as to the error in a 
given station 500 mb height since the diurnal pressure variation at this 
level is not Imown. 

An analogous Statement may be made regarding the error in a giver 
layer thickness since, to determine this error, the diurnal pressure 


Variation at both boundaries must be known. 
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fo establisn the causative parameters in the 500 wh diurwal lreight 
changes it would be necessary to carry out the type of stucy tilat 
1, Riehl [9] performed at San Juan for several different statiors ard 
for a longer period of time than used there. “ultiple correlation 
studies would then have to be Made on the correlation between possible 
Causative parancters and the 500 mb diurnal height changes. 

The 500 mb diurval height changes in particular areas of North 
America can introduce significant errors in the twelve hour height 
tendency maps and in the twelve hour thicimess tendency. 

Statistical investigation of the twelve hour diurnal height changes 
show that the confidence level for believing that the values of the 
monthly average diurnal height changes, presented in Table l1,are withir 
the limits of accuracy of the height observations is only about 70%. 
This level of belief is not high enough to permit the direct use of this 
table as a source of correction factors to be used in the daily analysis 

£ 500 mb. charts. The charts, Figures 8-1S, are more reliable due to 

the greater number of observations ircluded in each plotted value by 
virtue of the smoothing operation employed, but still do not represent 

an accuracy that would permit a mechanical application of the exhibited 
information. 

In order to obtain a monthly average diurnal height change with an 
accuracy of # 5 feet it would be necessary to process data covering ap 
average period of twelve years in the case of summer months and an average 


period of forty-five years for winter months. It is suspected that 
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additional significance tests would show that ail the svimmer months 
could te assumec to come from the Sawe parent population awe therefore 
could be treated as ore large sanple, i which case a record of only 
about two years obServations would be needed to obtain a good estinate 
of the true monthly average diurnal height chamge. Similar tests Bay 
also show that the winter months are essentially homogeneous in which 
case a record for about eight years of observations would give the 
desired accuracy. 

In view of the above considerations it is the conclusion of the 
authors that the mean annual 500 mb diurnal height change map, Figure 20, 
could be utilized to advantage by upper air analysis activities until 
such time as more extensive investigations have produced nean ronthly 
diurnal heigint change maps of the desired accuracy. It is therefore 
recommended that the mean annual 500 mb diurnal heignt change map be 
disseminated to Naval activities and other interested agencies carrying 
on upper air analysis programs over North America. 

It is further recommended that the problem of establishing normal 
seasonal or monthly 700 mb, 500 mb, 300 mb, and 200 mb diurral height 
changes for all radiosonde reporting stations in orth America, the 


Pacific, and the Atlantic be continued. 
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